Danshui River estuarine system is the largest estuarine system in northern Taiwan and is formed by the confluence of Tahan Stream, Hsintien Stream and Keelung River. A comprehensive one-dimensional model was used to model hydrodynamics and cohesive sediment transport in this branched River estuarine system. The applied unsteady model uses advection/dispersion equation to model the cohesive sediment transport. The erosion 2 and deposition processes are modeled as source/sink terms. The equations are solved numerically using an implicit finite difference scheme. Water surface elevation and longitudinal velocity time series were used to calibrate and verify the hydrodynamics of the system. To calibrate and verify the mixing process, the salinity time series was used and the dispersion coefficient of the advection/dispersion equation was determined. The cohesive sediment module was calibrated by comparing the simulated and field measured sediment concentration data and the erosion coefficient of the system was determined. A minimum mean absolute error of 4.22mg/L was obtained and the snapshots of model results and field measurements showed a reasonable agreement. Our modeling showed that a 1-Dimensional model is capable of simulating the hydrodynamics and sediment processes in this estuary and the sediment concentration has a local maximum at the limit of salinity intrusion.
hydrodynamic and cohesive sediment transport. Erosion, deposition and flocculation processes, and tidal asymmetry make the simulation of the sediment transport process a difficult task [47, 38, 51] . In order to achieve this, the dynamics of the major forcings, i.e., tidal amplitude and river discharge as well as salinity distribution should be characterized.
Numerical models of cohesive sediment transport are extensions of numerical hydrodynamic models. All the current cohesive sediment transport models use an advection-dispersion equation to simulate the transport of sediments. This equation requires current velocity components that are normally obtained from a hydrodynamic model. The utilized hydrodynamic models can be classified based on their dimensionality, i.e., 1-Dimensional, 2-Dimensional and 3-Dimensional. For example, Scarlatos [42] , Lin et al.
[26] and Neary et al. [37] Falconer and Chen [13] , Burchard and Baumert [3] , Van Wijngaarden [53] , Liu et al. [30] , Lumborg and Windelin [33] , and Rao et al. [41] . More recently and with the increase of the computational power, 3-Dimensional models are also used for modeling of hydrodynamics and cohesive sediment transport in natural water bodies [e.g. 2, 4, 19, 24, 25, 19, 56] .
However, Neary et al. [37] showed that one-dimensional modeling of cohesive sediment transport may offer a practical and cost-effective alternative compared to fully 2-D and 3-D models, with relatively less model set-up and run-time requirements.
The cohesive sediment transport is based on more uncertain physical principles than hydrodynamics. Hence, a number of cohesive sediment erosion, flocculation, and deposition equations are usually incorporated in the sediment transport module of numerical models [e.g. 16, 24, 35] . Liu et al. [30, 31, 32] and Liu [28] applied a vertical two-dimensional model to simulate water surface elevation, current, salinity, mixing processes, and cohesive sediment concentration in the Danshui River estuarine system. The aim of this paper is to study the effect of river discharge on the sediment transport processes using a 1-D model. Hence, a numerical model called MIKE 11 [10] is used for modeling the hydrodynamics and cohesive sediment transport processes in the Danshui River estuarine system. This paper describes the fundamentals of modeling of the hydrodynamics and cohesive sediment transport processes in this multi-branched estuarine system.
STUDY AREA
The Danshui River estuarine system is formed by the confluence of the Tahan Stream, Hsintien Stream, and Keelung River (Figure 1 ). The downstream portions of all three tributaries are influenced by tide and subjected to seawater intrusion. Together, they form the largest estuarine system in Taiwan with its drainage basin including the capital city of 5 Taipei. The system has a total drainage area of 2726 km 2 , about 7.6% of the total area of Taiwan. The primary soils are Entisol and Inceptisol according to Soil Taxonomy [44] . The underlying geology is dominated by argillite and slate with sandstone interbeds formed after the Oligocence [21] . Montane forest covers about 93% of the watershed land area, agricultural land use comprises 5%, and <1% belongs to residential areas and other man- These measurements have shown an extensive scouring along the river [32] . The report also revealed that the vegetation type in the Kuan-Du wetland, the largest one in the system, has shifted from less salt tolerant types to mangroves. The regional climate is subtropical with the temperature varying between 10 and 35 0 C and annual precipitation ranging between 1500 and 2500 mm; the dry season ranges from November to April and the wet season ranges from May to October.
The morphology of the Danshui River estuary displays different features in each segment, molded by natural forces as well as anthropogenic activities exerted upon the palo-riverbed built ages ago [45] . In the lower reaches immediately downstream of KuanDu, the riverbed exhibits a deep-cut cross-section, with channel depths of 12-15 m and a sill (<5m) in the middle of the riverbed. Further downstream, towards the river mouth, the average depth is 3 m in the axial region. The river channel broadens with progressively shallower depths; sediment deposits divide the river channel, which is flanked by broad, flat areas of salt marsh and mangrove forest. The lower reaches of the estuary and the adjacent salt marshes are subject to daily tidal inundation.
Liu et al.
[27] reported the particle organic matter and biogeochemical processes in Danshui estuary. They found that particle organic carbon concentration decreased gradually with increasing salinity towards the river mouth from the peak values around 266-540 M  at the uppermost stations. There were three major types of particulate organic matter in the estuary: natural terrigenous materials consisting mainly of soil and bedrock-derived sediments, anthropogenic wastes and autochthonous materials from the aquatic system. Hsu et al. [22] conducted field measurement in the Danshui River and reported the medium particle sizes (see Table 1 ). Using the Unified Soil Classification method [9] , sand size, silt  that are smaller than that of the bed sediment. This implies that only the smaller particles are eroded from the bed and re-suspended to the water column. Thus, the hydrodynamic and fine cohesive sediment models were implemented in the estuarine system.
MODEL DESCRIPTION
Mike11 is based on an integrated modular structure with the hydrodynamic module as its 
where C is concentration, K H is horizontal dispersion coefficient, K L is linear decay coefficient, C 2 is tributary concentration, q is the tributary inflow per unit length and E is the source/sink term. The above equations are solved numerically using an implicit finite difference scheme, which has a negligible numerical dispersion [10] . The model simulates both temporal and spatial (longitudinal) variations of sediment concentration, as well as accumulated sediment deposits over the simulation period.
The AD module includes a relatively simple description of the erosion and deposition as source/sink terms in the AD equation. The source / sink terms are:
where E is net erosion/deposition, v is flow velocity, v cd is critical velocity for deposition, v ce is critical velocity for erosion, Ws is fall velocity, M is erodibility coefficient, h is depth and h* is average depth (of the section) through which particles settle. The former version of the model was successfully used by Neary et al. [37] and Parsa et al. [39] for studying the salinity intrusion and sediment transport in tidal rivers, respectively. Parsa et al. [39] showed that MIKE 11 can be used effectively compared to 2-D and even 3-D models.
MODEL CALIBRATION AND VERIFICATION

Hydrodynamic (HD) and Advection/Dispersion (AD) module
For HD module, hourly time series of the water level from 15 March to 30 September, 1994 was used as downstream boundary condition at the river mouth, where the river reaches the sea. For upstream boundary condition, daily fresh water discharge data for the same period were used at the end of the three tributaries. The time step of Δt=100 seconds and minimum horizontal grid spacing of Δx=1000m with the cross sectional profiles at each 500m, collected by Taiwan Water Conservancy Agency, were specified for the model setup. Wind is an important factor affecting the water level and current at the sea. Due to the presence of high mountains and narrowness in the Danshui River mouth, the wind effects in the estuary were small and can be neglected in the model simulation [29] . In simulating the Danshui Figure 5 shows the verification results in Pa-Ling station.
Cohesive sediment transport (CST) module
The time series of suspended sediment concentration from 15 March to 30 September, 1994
was used as the upstream and downstream boundary conditions and the initial sediment concentration value of 20 mg/L was considered for the whole system. The sediment concentrations were measured nearly at mid depth along the river by Taiwan EPA.
According to the available Danshui River system data, the free settling velocity of individual particles and critical shear stress of erosion and deposition were determined experimentally [31] and the erosion coefficient was calibrated.
Stokes' law has been used to determine the free settling velocity of the suspended particles less than 62. 
where D m (m) is the mean diameter and  is the variance of sediment particles diameter.
The variation of K with time is small, therefore K is constant. A settling velocity of 0.00026 m/s was used for modeling the settling flux of the total solids.
Critical shear stress for erosion is a function of the dry density of bottom sediments
[52]:
where τ E is critical shear stress for erosion, 
MODEL APPLICATION AND DISCUSSION
Liu et al. [29] documented that the characteristic two-layered estuarine circulation prevails for most of the time at Kuan-Du station near the river mouth. Though the circulation strengthens with increasing river discharge at low flow, its strength decreases a moderate river discharge and the two-layered circulation ceases at moderately high flow. This has a significant long-term transport implication in the Dasnhui River estuary, which is less of a "material trap" than most large estuaries. The accumulated materials in the estuarine system are flushed frequently. Thus, mean and low freshwater discharges were adopted to investigate the effects of flow and tidal variations on the sediment transport. The used discharges were Q 75 (the flow which is equaled or exceeded 75% of time), Q 50 and Q mean (see Table 2 ). The used boundary conditions for sediment concentrations were 40 mg/L for upstream and 20 mg/L for the downstream. The salinity was also considered to be 32 ppt at the river mouth and the model was run for 6.5 months from 15 March to 30 September, 1995. The obtained results shown in next figures are tidally averaged. Figure 9 shows variations of sediment concentrations along the river under various hydrological conditions. The horizontal axis in this figure is the distance from the river mouth. It is seen that when river discharge and bottom stress increase, the sediments can not settle and therefore their concentration in the water column increase. In all flow regimes, the sediment concentration has a local maximum. As discussed by Geyer et al.
[18] the trapping location depends on the variation of the river flow, while the efficiency of the sediment trapping depends on the characteristics of the convergence zone and the settling velocity of the sediments. This point is where the freshwater meets the sea water (see figure 10) . In other words, this point is the limit of salinity intrusion where the salinity becomes 1 ppt [49]. This is not surprising and has been observed in other estuaries as well [e.g. 50, 16]. At the limit of salt water intrusion, where the estuarine circulation converges, the river-borne sediments are trapped. In fact, riverine flow meets the seaward flow at the limit of the salinity intrusion and traps near-bottom sediments in the turbidity maximum.
This point is also characterized by physical-chemical particle formation due to flocculation of cohesive materials [18, 43] . Hsu et al.
[22] used a vertical two-dimensional model and field measurement data of suspended sediment to investigate the turbidity maximum in Danshui River estuary. They found that concentration of suspended sediment at SBF (slack before flood) was higher than that at SBE (slack before ebb). They also concluded that the suspended solids are mainly from the upstream drainage basin rather than the ocean. The vertical two-dimensional model simulation results reveal that at low flow condition, a turbidity maximum occurs at the Kuan-Du station due to the strong estuarine circulation.
The model simulation with a much higher river flow condition results in a weaker residual circulation and weaker turbidity maximum. The simulated water surface elevation, current, salinity and cohesive sediment concentration are similar to the model results reported by Liu et al. [31, 32] . However, due to the vertical and lateral averaging in the model, the present model cannot resolve the residual circulation patterns in the estuarine system.
By changing the river discharge, both the limit of salt intrusion and the location of turbidity maximum move downstream. The distances of these points under various hydrological conditions are shown in Table 3 . As seen in figure 10 , by increasing the river discharge a higher sediment concentration peak is observed. In addition, the increasing trend of sediment concentration starts earlier in low discharges which is due to decrease in water velocity. The decreasing trend (before turbidity maximum) shows that on average, deposition is the dominant process in the river during the spring-neap periods.
Although the turbidity maximum is usually attributed to trapping of particles by the residual flow at the limit of salt intrusion, its characteristics depend on the tidal conditions as well as river discharge [16] . This is shown in figure 11 where (spring and neap tides) tidally averaged sediment concentrations for Q 50 are plotted along the river. The observed variations in the concentration of suspended sediments are mainly due to the changes in the intensity of resuspension [5, 17] and the source of sediments to the water column within this point is usually tidal resuspension of bottom sediments.
In many estuaries, the interaction of tide-induced erosion and deposition may originate a broad zone of abnormally high suspended sediments concentration [16] . Figure 11 also indicates that the location of the turbidity maximum in neap tide is about 1 km closer to the mouth compared to that of spring tide. This is due to the increased water level at the estuary mouth caused by increased tidal range in spring tides. Spring tides also enhance the deposition of the sediments in the intertidal areas of estuary head due to long slack water period over high water [11] , a feature observed in Danshui River. Considering the abovementioned points, it could be concluded that the sediment transport in this system is mainly governed by freshwater discharge and partially by tidal variations. In addition, both the limit of salt intrusion and the maximum sediment concentration depend on the river discharge at flood events. These findings are supported by results obtained from more 
SUMMARY AND CONLUSION
The hydrodynamics, salinity distribution and cohesive sediment processes of Danshui River estuarine system have been studied numerically, using a 1-D model. First, the HD model The model was then used to study the effects of flow and tidal variations on the sediment transport. It was found that the sediment concentration has a local maximum at the limit of salinity intrusion, the point where the freshwater meets the seawater. The results indicated that for Q 50 , the turbidity maximum location in neap tide is about 1 km closer to the mouth compared to that of spring tide. In addition, it was noted that both the limit of salt intrusion and the location of maximum sediment concentration depend on the river discharge at flood events. It was found that deposition is the dominant sediment process in the river during spring-neap periods. It was also found that the sediment concentration in concentration at Chrong-Yang station (located at Km 20) depends on the river discharge.
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